Measurement of coronary artery stenosis is an invaluable tool in the study of coronary artery disease. Clinical trials and even day-to-day decision making should ideally be based on accurate and reproducible quantitative methods. Quantitative coronary angiography (QCA) using digital angiographic techniques has been shown to fulfill these requirements. Yet many laboratories have abandoned visual analysis in favor of the intermediate quantitative approach involving hand-held calipers. Thus, the purpose of this study was to determine the relation between QCA and the commonly used caliper measurements. Percent stenosis was assessed in 155 lesions using 3 techniques: QCA, caliper measures from a 35-mm chte viewer (tine) and caliper measures from a video display (CRT). Good overall correlation was noted among the 3 different techniques (r 20.72). Roth of the caliper methods underesttmated QCA for stenosis 175% (p lO.001) and overestimated stenosis <75% (p <O.OS). Reproductbillty assessed in 52 lesions by independent observers showed QCA to be superior (r = 0.95) to either of the caliper measurements (tine: r = 0.63; CRR r = 0.73). Therefore, the commonly used caliper method is not an adequate substitute for QCA because overestimation of noncritical stenoses and underestimation of severe stenoses may occur and the measurements have poor reproducibility. These factors definitely preclude its use in rigorous clinical trials. Moreover, since they do not appear to overcome known deficiencies of visual analysis, caliper measurements for day-to-day clinical use must also be seriously questioned.
Q uantitation of coronary stenosis is an important practice in cardiology from both a clinical and research standpoint. Various techniques with differing degrees of sophistication are used to measure the amount of luminal narrowing. Visual inspection, hand-held calipers and automated quantitative digital angiographic programs are examples of these different methods.
For use in a research setting and ideally in a clinical setting, a highly reproducible and accurate method is needed. Since visual inspection of 35mm cinefilm has been shown to have a very high degree of inter-and intraobserver variability,1-4 as well as a great degree of inaccuracy,5-8 it is clearly not adequate for clinical studies. Quantitative coronary angiography (QCA) performed with the use of digital angiographic techniques and computer analysis has been shown to have excellent reproducibility and accuracy.9-12 Although earlier methods of QCA were tedious and time consuming,13J4 more recently developed programs are easy to use and efficient; they can perform on-line digital image analysis in roughly 1 minute. 9 Caliper measurements are commonly used for quantitation of percent stenosis due to the simplicity of the procedure and low costs. Accordingly, it is important to document the performance characteristics of caliper measurements as well as to determine whether sophisticated QCA is substantially better or worse. We undertook the present study to compare one of the more advanced QCA programs developed and validated at this laboratory9J5J6 with hand-held caliper measurements. To avoid the issue of comparability of cinefilm versus on-line digital acquisition, we performed analyses using only images acquired on 35mm cinefilm. These were analyzed by QCA, by caliper measurements from a standard tine 35mm viewer (tine) and by caliper measures from a standard video screen (CRT). The latter was included because caliper measures from video screens are also common in catheterization laboratories in the absence of QCA and may be prone to additional errors, such as parallax, inherent in the use of CRT displays.
METHODS
Images of 155 coronary artery lesions were selected from studies analyzed at the Ann Arbor Veterans Administration Medical Center. Each lesion was quantitated with respect to percent stenosis using a previously validated QCA program9~r5~r7 and hand-held calipers applied to tine and a CRT. Image and film quality was determined by the standard of the laboratory performing the catheterization and reviewed by the core laboratory to ensure diagnostic adequacy. To be eligible for analysis it was required that the image show the entire lesion without overlap of other vessels and that a straight portion of the shaft of the angiographic catheter was within the field of view.
Quantitative coronary angiography program: All angiograms were projected on a tine 35-mm viewer (Vanguard Instruments, model XR-15) optically coupled to a video camera at 2.4:1 optical magnification; the video signal was digitized at 5 12 X 5 12 X 8 bit resolution onto a digital angiographic computer (ADAC Laboratories, model DPS4100C). Images were magnified 2-fold using bilinear interpolation. The lesion of interest was determined by the operator through placement of a variable sized circle around this area on the digitized angiogram, and the edges were then outlined by the automatic edge detection program.
catheter shaft displayed on the angiogram for use in calibration when absolute lesion dimensions are needed. The program automatically displayed the maximum percent stenosis along with other measurements of luminal narrowing.
Caliper method: Hand-held calipers were used to measure maximum percent stenosis for each lesion displayed on both tine (Vanguard Instruments, model XR-15) and the digitized angiograms projected on CRT (10 X 7 inches, 525 lines, R5 170 monochrome video monitor). The brightness and contrast controls of the video screen were set by the operator based on individual preferences. The operators were required to define and measure both the normal arterial segments and the point of maximal stenosis for each lesion displayed and to calculate the percent diameter stenosis. The cineframes analyzed were the same for both QCA and CRT and showed the lesion in its most severe view. For tine the frame was selected to match the QCA and CRT A similar process was performed on a portion of the images as closely as possible. Method comparisons: Each method was compared to the others for all 155 lesions using standard linear regression analysis. Slopes and intercepts of the regression models were compared to values of 1.0 and 0.0, respectively, to ascertain if they were significantly different using t tests. The methods were then also compared using clinically relevant subgroups of percent stenosis (-<50%, 51% to 74%, 275%) based on QCA measurements to determine whether the caliper methods systematically under-or overestimated the QCA measurements. These comparisons were done using a repeated measure analysis of variance18 followed by Newman-Kuels simultaneous multiple comparisons. * g Reproducibility of the 3 techniques was assessed by a second independent observer who reanalyzed 52 lesions. Correlation coefficients and the standard deviation of the mean differences were determined. The correlation coefficients of the different methods were then compared using Fisher's Z transformationZo and the standard deviations of the mean difference were compared using an F test of the ratio of the variances.18
RESULTS
The 3 methods showed good overall correlation by linear regression analysis ( Figure 1 ): QCA versus caliper measurements from tine, r = 0.86; QCA versus caliper measurements from CRT, r = 0.72 and caliper measurements from tine versus caliper measurements from CRT, r = 0.85. Comparison of the linear regression models for QCA versus both of the caliper methods with the line of unity (slope = 1, y intercept = 0) showed them to be significantly different from unity for both slope and y intercept (p <O.OOOl). This comparison demonstrated that for both of the caliper methods versus QCA there was a systematic overestimation of noncritical stenoses and underestimation of severe stenoses as indicated by the position of the linear regression lines relative to the line of unity (Figure 1 ). This same relation was also noted for caliper measurements from tine versus CRT, in which both the slope and y intercept were significantly different from the line of unity (p <O.OOOl). The position of the linear regression line with the line of unity also indicated that there was a systematic overestimation of the less severe stenoses and underestimation of the more severe stenoses by the CRT measurements (Figure 1 ). This comparison indicates that there are inherent differences in tine caliper measurements compared with those from CRT.
Comparison of the methods using percent stenosis subgroups (150%, 51% to 74%, 175%) based on QCA measurements also demonstrated differences between the techniques (Figure 2 ). For QCA versus tine caliper measurements, caliper measurements overestimated QCA for stenoses <50% (p <0.05) and 51% to 74% (p <O.Ol), and underestimated QCA for stenoses 175% (p <O.OOl). When QCA was compared to CRT caliper measurements, an identical pattern was observed with caliper measurements significantly overestimating less severe stenoses (<75%) and underestimating the more severe stenoses (275%). Of practical importance, the caliper measures from both tine and CRT were equivalent except for stenoses L75%, which were underestimated by CRT caliper measures (p <O.OOl).
Reproducibility assessed in 52 lesions by independent observers showed significant differences. Linear regression analysis found QCA to be highly reproducible (r = 0.95, standard deviation of the mean differences = 4.6). In contrast, neither caliper method was: tine caliper measurements, r = 0.63, standard deviation of the mean differences = 12.4, and CRT caliper measurements, r = 0.73, standard deviation of the mean differences = 9.5. The differences in r value and standard deviation of the mean differences between QCA and the 2 caliper methods was significant (p <O.OOl). The standard deviation of the mean differences was also significantly greater for tine versus CRT caliper measurements (p <0.05).
DISCUSSION
Accurate and reproducible assessment of the severity of coronary lesion narrowing is vitally important: it is the basis for the majority of current clinical decisions regarding revascularization. Most cardiologists still depend on visual inspection for percent stenosis, which has been shown to have poor reproducibilityi-4 and an unacceptable degree of inaccuracy.5-8 Because of the problems with visual inspection, caliper measurements have been adopted in an attempt to be more rigorous in the quantitation of lesion severity. Other more sophisticated approaches use digital angiography and computer programs for quantitation of coronary stenosis.gJ3 The caliper method is also attractive because of its convenience and low cost.
Quantitative angiography using digital angiographic techniques coupled with computer analysis has been shown to be both accurate and reproducible.gJ0J2J3~2' This type of analysis has demonstrated the ability to determine the physiologic significance of a coronary stenosis,g,22,23 predict the potential for ventricular functional recovery or rethrombosis after thrombolytic thera-PY, 24, 25 and assess responses to other interventions such as angioplasty or lipid-altering therapy.2i The QCA method used in this study has undergone extensive validation testing using both in vitro and in vivo phantom models, which showed excellent correlation between measured and actual luminal diameter (r 10.87).g,'o Some previous comparisons of digitized angiograms with conventional 35-mm cinefilm have not used the automatic edge detection algorithms and computer-assisted programs for quantitation. Four prior studies used either visual inspection or caliper measurements in their comparison of cinefilm with digitized angiograms.26m2g Each of these studies found that digitized angiograms compared favorably with cinefilm with no loss of image quality or significant increase in variability. Another study has seemed to question the utility of digital radiographic techniques as a substitute for 35-mm cinefilm, but this study also used only hand-held manual caliper measurements. 30 The only criticism of digital angiography was that there was a modest overestimation of stenosis <50% as measured by cinefilm analysis. The present study indicates that there are inherent differences in tine caliper measurements compared with those from a CRT and that the conclusion of studies comparing digital angiograms with cinefilm may be affected by this measurement bias.
Our study used a quantitative digital angiographic program shown to be both accurate and reproducible and compared these results to a commonly used quantitative measure of stenoses, caliper measurements. Caliper measurements are prone to errors due to parallax, are generally performed on nonmagnified images and require much operator interaction to define both normal and minimal diameter segments. Parallax errors are potentially even more problematic when video images are viewed on CRT screens. Our results provide specific information on the relative performance of caliper and QCA measures and, moreover, demonstrate difficulties arising from caliper measures from CRT screens. Caliper measurements from either tine or CRT are comparable in assessing stenosis severity (r = 0.85) but CRT caliper measures underestimate the severity of lesions 275%.
Our most important result is that state of the art quantitative digital angiography is substantially better than caliper measurements from either tine or CRT in 2 respects. The QCA program had much better reproducibility (r = 0.95) than caliper measurements from tine (r = 0.63) or CRT (r = 0.73). Second, the caliper measurements underestimated the more severe stenosis (175%) and overestimated the less critical stenosis (<75%). These findings have obvious and significant implications for both research studies and clinical practice. Study conclusions and clinical decisions are likely to be adversely affected by the lack of reproducibility and the systematic differences in judging stenosis severity. In this regard, caliper measurements cannot be considered to overcome any of the known limitations of visual inspection.
